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i&eCELEROMETERg 
Thte invention relates to a mIcro-elB(±r6-medianl<»I systems 

accelerometsr. 

There la a demand for low weight and low cost acceleiwnelers. 
5 accurately to measure both amplitude and diredlpn of accelera^^ 

dimensions. Marty maco^scale devices have been de$1«ined. usually 
consisting, of an assembly of three single axis acceleromeieis. ananged With, 
their serving axes orthogonol to eabh othpr., Each such macro 
acoeieromeler comprises an j BSsemblj^ of multiple compor«nte and 
10 consequently the resultant thi^s a«»leromeler often te sfgnlficantty 
teiger than Is. required for th^ Intended puipose. Further, the overall 
assembly may be heavierthan 1^ desired for the Intended USB. 

Micn>electro-mecJ^ system^ (MEMS) technologlea have 
eriabled the inanufeclura of conWtional mec^^^ 

:\_ 16 s^^le^using nrnnufaduring P^^""*^ 

LSI semiconductor electionlc <»mponenfe on a s^^^^^^ 

silicon: MEMS tBdinotogles have led to the pr^^ 
cost three axis accdeforneteis. -These are being errv^^ 
Industries and have the advantage of being relatively small and light weight, 
20 as compared to macro deVic^. arid yet are ca|iable of giving extremely 
accurate and reliable indications, of acceleration in thi«e dimensiona. 

A cpmmori prindple pf a MEMS single aids acceteromeler Is to 
support^ FJroof rnais on a fram^ usfng^pne or more reslllently^^ormabte 
beams. When an adieler«tfon > 

'■■25 a^ficm^m^ 




mass, and so the proof mass moves relative to the frame. The motion of the 
proof ma99 i$ contft)Iled by the elastic nature of the beamSj which apply a 
restoring force to return the proof mass to its rest position. Acceleration can 
be measured by sensing the strain in the or each beam that supports the 



5 proof mass, typically using either piezo-electric or piezo-ieslstive sensors 
associated with the or each beam. 

An iaiternative design of MEIMS accelerDmeter again uses a proof 
mass supported by one or more resiiiently-defbrmable beams, the mass 
canying one plate of a capacitor and the frame carrying the other plate. 

to Acceleration Is sensed by measuring the change In capacitance due to the 
relative movement of the two plates, Y^t another lofiown form of IMEIVIS 
acceleiometsr usee a torsion member to constrain a proof mass and 
capacitive or servo-capadtive arrangement is used to measure the 
displacement of the mass when the acceleiometer Is subjected to 

15 acceteration. The torsonal stiffness of the support member controls the 
displacement of the proof mass, or electrostatic forces generated by the 
servo-capadtors control that displacement. 

Broadly, there are three types of MEMS accelerometers able to 
detemnine acceleration in three orthogonal axes. These are: 

2D 1. Three separate single-a^ds MEMS accelerometers are mounted on to 
three ^ce$ of a cube, to measure acceleration In three directions. The 
wiiole assembly of the individual wafers end the mounting cube significantly 

' v. 

increases thb weight of the complete 3«axls accelerameter. Further, 
difficulties in aligning the three accelerometers with great accuracy incurs 
25 significant manufscttJring difficulties and so there is a cost penalty. 
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2. A MEMS accelerpmeter y«itti a sin^ mass Is used to sense 
acscelerallon In three orthogonal directions. Ideafly lhe sensRIvittes In each 
dlreoeon vwjuld be equal but In pradlce the out-of-plane response (with 
respect to the wafer) is usually several «mes la^r then the Irvplana 
3 response. Isolation of the Indivlduial signals for each dlrecHon fe nmlted by 
the accuracy of manufertuie of *ie device and the requirement for equal 
signals from each axis, leading to crose^b slgn^s. The pejtonnanoe of 
.siK*i a device Is consequently compromieed. 

3: Multiple single axis MEMS devices are prodyced In a single wafer, to 
10 sense acceleration in three directions. Using MEMS technology, three or 
more identioal devices can be produced In a alnglejwafer. but this gives un- 
equal responses In the out-of-plane direction as compared to the In-plane 
diredSons. 

Due to the nature of mlcro-fabricaUon techniques; the required 
15 toedui^s to be oonstoKsted in a wafer aiie essenUally patterned In turn 
dimensions, but a nurnber of layers of varying thidoiess can be created on 
fop of each other. Such a mlcrt>^abrfciated wafer te often refenad to as a 
2JiD structure, where 1h© pattern Is essenBally; the same through ttie 
thickness of the wafer or Is defined by the crystal orientation and etching 
20 process. 

A typical three axis acoeleromeler manufiachired- using MEMS 
technology fmm a single wafer cannot produce eaacUy the same strain 
distribution in the support beams Ibr the proof rnass In response to In-plane 
and out-of-plane acoeterations.. Inevitably, .having regard to the 
25 mknijfectifl^ng processes, the support beariis ar^: in the plane of ttie wafer 




and so the Strain sensing for Jn-plan© and out-of-plane accelerafiona require 
different strain sensing mechanisms. 



The present invention alms at Improving on Icnown designs of MEiUIS 
accelerometer, to minimize tlie response in the out-of-plane direction. As 
> $ sued), a ftirti^er aim of an embodiment Qfthis Invention is to provide a multiple 
aids aeoeleromdter where at least two single axis acoelerometers are 
liabricated using MEMS technology In a single wafer 

Accoiding bo one aspect of the present invention, there is provided a 
micra-electro-mechanlGal systems (MEMS) accelerometer comprising: a 
10 wafer mloro-tebricated to provide frame defining an opening; a sensing mass 
cBsposed within the opening of-tlie firame and connected to the Irame by a 
pair of aligned pivot beams disposed so that the axis of pivoting of the mass 
with respect to the frame Is displa<^ from the centre of gravity of the mass; 
and at least one serving beam connecting the mass to tiie frame and 
15 arranged such that pivoting movement of the mass will distort thB sensing 
beam, whersby pivoting movement of the mass may be detected by sensing 
the distortion of the sensing tieam. 

With the accelercvneter of this invention, the proof mass is constrained 
to perfomi a pivoting motion w'rth respect to the frame vifhen subjected to an 
20 irH>lano aooeleraflon, the motion of the mass being controHed by the or each 
sensing beams, if more than one such t>eam Is provided. AcceleraBon in the 
direction of the pivotal axis will produce essentially no movement of the 
mass. Further, acceleration in a direction through fcioth the pivotal axis and 
the centre of grav^ of the mass equally will produce minimal movement of 



the nuisa. As such, the acceterometer can be regarded as a true elngl&^s 
acceleroitieter giving very small cross-a^ds errors. 

Most preferably, there are tutfo sensing beams disposed symmalrically 
with respect to the frame end the mass, the beams connecUng opposed 
5 locations of the mass to the frame and arranged such that pivoting 
movement.of the mass wfll fiejc lioth sensing beams, but In opposite senses. 
Thus, the sensing beams may esdend subsfarrtlally co-ltowany. fitom opposed 
»des of the mass to the frame ... 

. The MEMS manufacturing technique used to produce . the 
10 acceterometer of this invention preferably provides the frame, mass, plvotir\g 
and sensing beams aH fiom.a single wafer of semt^onductor material, using 
knovvn etching techniques. 3uitable treatment of; the wafer may cdnfer 
piezo-eleclric or plezo-reslstive prppertes on the or each sensing beam, 
whereby the fl^rig thereof may be detected by determining a change in the 
15 electrical characteristics of the or each beam. In the aftematlvB, the or each 
sensing beam may include implanted or deposited metallic componehte 
whereby the flexing of the or eadi bearh may be detected by detenmlnlng a 
change in the electrical characteristics of those components. 
• Advantageously for MEMS manufiacturing techniques, the mass may 

20 have the general shape of a cuboid and the sensing beams extend finom tww) 
opposed edges of a fece of the mass to the frame. Further, the pivot beams 
may be disposed substantially centrally of the face of the mass from which 
the sensing beams extend, the pivot axis extending transversely across that 
fece. Again, using MEMS fabrication techniques, the pivot a»S of the pivot 
25 i>eans should be or doseiy adjacent Id saW fece of the mass. 



Two accelerom^ers of this Invention may be provided In a slngfe 
wafer. In this case, the MEMS fabrication technique may provide two 
openings in the wafer. In each of which openings te provided a similar mass, 
mounted In the respective opening by ah associated pair of pivot beams and 
5 an associated pair of sensing beams, but with the pairs of pivot beams of the 
two accelerometers at right angles to each other. Thus, such an 
accelerometer win sense aooeleratton in two orthogonal directions. 

Further, the frame may define a third opening and a third mass Is 
disposed wHhin that third opening, the prindpai sensing axis of the third 
10 mass being out-of-plane of the wafer and so substantially orthogonal to the 
sensing axes of the first and second masses. For such an arrangement, the 
thinJ mass may be supported oh one or more sensing beams* For example, 
there may be tour sensing beams extending in two direc&ons orthogonal to 
each other and In the plane of the frame, but such an accelerometer will be 
15 sensltlvelo a small extent to accelerations Inrplana. That may be eliminated 
by appropriate processing of the signals from all four sensing beams. 

By way of example only, one specHic embodiment of MEMS three- 
axis accelerometer of this invention will now be described in detail, reference 
being made to the accompanying drawings, in whlch:- 
20 Figure 1 is a plan view of the emlxidiment of single wafer 

accelerometer; 

Figure 2 is a diagrammatio out-«way view through one of the three 
single axes accelerometers of the assembly of Rgure 1 talcen on line X - X 
marked on that Rgure; and 




F^ure 3 Illustrates the operation of one of tli9 single axis 
acnalefometers of the embodiment of Figure 1 when subjected to an In-plane 
acceleration.. 

The eml»dlmBnt of aocelerometer shown In the drawings Is intended 
a accurately to measure both ampfltude and direction of acceleration. In three 
orthogonal axes. Mkro-fabrlcatlpn techniques are used to manufacture three 
Individual single-ajds aoceleipnneters on- a common sllioort wafer. The 
required allgnnrtent accuracy, pan be achieved using lithographic etching 
piocesees, derived Atom the : electronics Industry, and no subsequent 
10 assembly processes are required to complete the basic stnictu^ of the 
three-axis, accelerometer. The sensing of acceleraflori Is by piezD-electrIc or 
piezo-resisBve m^suiement of strain in Ihe support beams:for each of the 
three masses, for each accelerometer, resp^cGvely. 

Figure 1 Is a plan view on.the ernbodlmenl of acceieiiometer of this 
15 irwentlon. A single silicon wafer. 10 Is proceissed by oonvenHonal iithographlo 
.and etchirtg techniques to provide a frame defining three openings Iii which 
are Ibrmed respective first, second and third individual acceierometers. The 
first acceI«ometer 11 te a single axis design intended to sense acceleratton 
in the X-a»s <ihat is. along the length off the silicon wafer 10). the second 
. 20 acceieiometer 12 is similar to the first aocelerometer 11 but is intended to 
sense acceierafion in the V-axis (that is; transversely to the lerijgth of the 
wafer 10). and the thirxl aocelerometer 13 is of a convemlonai design and is 
intended prirnarily to sense acceierafion In the Z axis <th^ is. ncmiai to the 
surface of the wafer .10). Having regard to the construction of the third 
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aceelerometer, ft will also measure acceleraHon In the plane of the wafer but 
the response in that plane will be very much less than In the Z-axIs. 

Each of the first and second acceleromefers 10 and 11 comprises a 
proof mass 14 etched from the material of the wafer 10 but sfiH connec*ed 
S thereto by an aligned pair of pivot beams 15 and also by a pair of sensing 
beams 16. which beams 15 and 16 also ana etched from the material of the 
wafer 10. The upper surfaces of the pivot beams 15, the sensing beams 16 
and the upper surface of the proof mass 14 all Be In the common plane of the 
upper surface of the wafer 10 and thus the centre of gravity IB of the proof 
10 mass Is displaced from the pivot beams 16. In this way, the pivot beams IS 
constrain movement of the proof mass to be generally a rotary motion about 
the axis of the pivot beams 15 when the aceelerometer Is subjected to 
acceleration In the plane of the wafer and normal to the common axis of th* 
pivot beams 15. This rotary motion causes the sensing beams 16 to flex In 
' is opposite senses, as shewn on an exaggerated scale In Figure 3. 

The fiiBt and second acceleromaters 11 and 12 are essentlaliy of the 
same constmctlon except that the pivotal axes of the respective pivot beams 
15 are at liShtangles to each olher. The third aceelerometer 13 is different 
in that it has a proof mass 20 of generally cuboidal fonn which is supported 
20 by four sensing beams 21. one beam extending from eech edge 23 
respectively of the upper surface 22 of the proof mass 20. to the adjacent 
edge of the opening 24 in the waiter 10. Each sensing beam 21 Is treated in 
a similar manner to Ihe sensing beams 16 of the first and second 
aqqelerometeis. whereby the electrical characteristics of the beams depend 
25 upon the flesdng thereof, when the proof mass 20 is subjected to 
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aocelenation. . This third acc^ro/neter 13 is tfius an essentially convantionai 
MEMS design. 

Aoceleratbn Di the Z-axIs vtrill movs the proof mass 20. in a direction 
nomrial to the siirfaoa of the w&fer 10, depending upon the sense of 0ie 

5 acceleration. This will unlfomily deflect all four sensing beams 21 and the 
maQnitude of the aooderafion can be deterrraned from the strain In ttiose 
beams. Acceleration In the plane of the wafer will also apply a force to the 
praof mass 20 tending to move the mass but In view of the width of the 
sensing beams 21^ those beams^ are very strff to deflectf^^n in the in-plane 

10 direction and so there will be onty very small strains fn the beams 21 . 

The magnitude of the acdalerafiohican be determined by treating or 
depositing material on the sensor beams and 21 $0 as to have a plezo-. 
elecdiic or piezo-reslstive properties, and then mbnrtorinig the beams for 
changes in the electrical characteristics. For the fir&t end second 

15 accelerometers 11 and 12, this mechanical deformation of the sensing 
beams 16 in response to acceleration in the plane otihe waiter and norniat to 
the respective piyot axis imII give the greatest response In terms of both 
sensing beam defbnnatron and so sensing signal as wisli. The medianlcal 
deformation of the sensing iDeams In response to acceleration In other 

20 directions is greatly reduced by.the effect of the pivot beams. Without tlie 
piyot beams, acceleration in ^e measuring direction may generate a kiwer 
strain than for acceleration In either of the other twvo directions. 

Theoireticaltyp for an an^ngement without pivot beaitis^ the response 
in a norMtieasured axis can be cancelled out by appropriate oorrfiguration of 

.25 the strain measuring mechanism. IHowever, any misalignrrient introduced by 



manufacluring toteranoes. on a mlcro-melre scale, can produce a significant 
cross-a)ds error. The provision of tlie pivot beams 15 minimizes the oross- 
axls signal by reducing the signal strength at sourr;©. Foj example, without 
pivot beams a t«ro-mlcron positional misalignment may cause a 0.60% cross- 
s axis error, but by providing pivot beams as described above, this can be 

reduced to 0.03%. 

The pivot beams enable the X- and Y-axIs accelerometerB 11 and 12 
Id have lower sensing beam stifTnesses for a given first resonant frequency 
of the assembly. The first resonant frequency Is nonnally a limiting factor 
10 v/hen designing an In-plane sensor since the lowest resonant flrequency 
defines the bandwidth of the device. As an Bxampie. the maximum in-plane 
signal strength fbr a corwenlional design of MEMS acceleromfeter may be 2 
units compared to the out-of-plane signal strength for the same device at 5 
units. The first resonant frequency may be at 5 kHz in the outHjf-plane mode 
15 and at 7 kHz In the In^lane mode. By contrast, a device of essenHaily the 
same sSzb but arranged as in the present embodiment may produce an In- 
plane signal of 5 units ©nd an out-of-plane signal of 0.2 units. The first 
resonant ftequency will be 5 kHz in the sensitive In-piane mode and the 
second resonant ftequency at 18 kHz in the out-of-plane mode. If the pivot 
2D beams are then removed. It can be shown Ifiat the out-of-plane resonant 
frequency faUa to 2 kHz and the out-of-plane signal strength increases lo 20 
units. 

A typical I^EMS fabrication technique for the embodiment of 
acceierometer as described above is to create the beams and proof masses 
25 from a single <100> orientation silicon vrafer of 500 microns thick. The 




© 
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beams are patterned by etching from the top side of the v^er and the proof 
masses are separated from the frame by etching through the bulk of the 
wafer from the opposite side. The beam thickness is defined by an etch-slop 
process. TMs may include the use of an oxide layer in an SOI wafer, doping 
. .6 the top surface of a conventional silicon wafer^ or simply timing the 

Etching can be by wet or dry methods (such as KOH or DRIE), depending 
t4x>h the desired final shape of the aweiarometer. ^ 

The defomiation of the support t)earns can be measured by creating 
plezo-reslstive tracks to act as strain gauges for the beams. Or by depositing 
. 10 film-type plezD-electrIc sensors on ttie surface of the bearhs during the 
fabrication of tile devios. : Suitable conductors are then electrically 
connected to the ends of flie tracks, :/1d permit measurement of the 
" defomiatbn of the sliatn gauges. Other .techniques may b© employed for 
measuring the strain of the :beams when the device Is subje]::ted to 
15. acceleration. 
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CLMMS 

1. A micro-electro-meohantoal systems (MEMS) acceleiometer comprising 
a wafer micro-fabricated to provide frame defining an opening, a sensing 
mass disposed within the opening of the frame and connected to the frame 
B by a pair of aligned pivot beams disposed so that the axis of pivoting of the 
mass with lespect to the frame i& displaced from the centre of gravity of the 
mass, and at least one sensing beam connecting the mass to the fifame and 
an^nged such that pivoting movement of the mass will distort the sensing 
beam, whereby pivoting movement of the mass may be detected by serising 
10 the distortion of the sensing beam. 

2. A NEMS accelerxjmeter as claimed in claim 1. wherein the mass Is 
connected to the frame by two sensing beams extending from opposed sides 
of the inaas to the frame whereby the sensing beams are distorted in 
opposite senses upon the mass performing pivoting movement 
IB 3. A MEMS acceleiometer as claimed in dalm 1 or claim 2. wherein the 
frame, the mass, the pivoting beams and the or each sensing beam are afl 
produced ftom a single wafer of semiconductor material by micro-eleclro- 
medianical systems tediniquea. 

4. A MEMS accelerometer as claimed in dalm 3. wherein at least the or 
20 each sensing beam is of or carries plezn-electric material whereby the 
distortion thereof may be delected by determining a change In the elertrical 
characteristics of the or each sensing beam. 

5. A MEMS accelerometer as dalmed In any one of claims 1 to 3. wherein 
the or each sensing beam Includes Implanted or deposited metalHo 



components whereby the distortion of the or each beam may be detected by 
detemiining a change In the electrical characteristics thereof. 

6. ' A MEMS accelerdmeter as claimed In claim 2 or any claim dependent 
thereon, wherein the sensing beams are^ co-planar and extend substantially 

S Qo^lnearly In oppo^ directions away from opposed sides of the rnass to the 
frahie.. v'- 

7. A MEMS accelerometer as claimed in any of the pireceding dalms, 
7 wherein the rhass has the general shape of a cubckl and the sensing beams 
- extend from a face thereof 1o the tkame. ^ . 

10 d. A A/OEMS accelerameter as claimed in daim 7, wherein the pivot beams 
• . are disposed substantially centrally of the face which the beams extend* 
the pivot axis extendlrtg transveifsely across.that face, 
9. A MEMS accelerometer as claimed In ciaJm 8/wherein the pivot a^s of 
the pivot beams Is at or adjacent to said face of the mass from whidhi the 
'15 sensing t>eams extend. ; 

. 1 0V A MEMS accelerometer as claimed In any of claims 7 to 9. wherein the 
sensing beams have a substantially rectangular profile, in the plane of the 
lace of the mass Irom wMch the beams eoderid. 

111 A MEMS accelerometer as claimed in any of the preceding claims, 
' 20 wherein the or each sensing beam arid the pivot beams are substanflaliy co^ 
^ planar when the accelerometer is at rest. • 

12. A MEMS acceierpmeter as claimed in any of the precedinig claims. 

wherein the frame defines two openings in each of vvhtch is provided similar 

mass, nnounted in the opening by a respecflye pair of pivot tbams arid one 
: . 2^ or more respective sensing beams. 



13. A MEMS acceleromBter as claimed m claim -12. whertdn the respecBve 
pau9 of sensing beame are substantlaHy ooplanar but the respective pairs of 
plvdt beams are substantially orthogonal whereby the two accelerometers 
sense acceleration In orthogonal directions. 

14. A WEMS accelerometer as claimed in daim 12 or daim 13. wherein the 
frame d^nes a third opening and a third mass Is disposed within the third 
opening, the sensing axis of the ttiird mass being substantially orthogonal to 
the sensing axes of the first and second masses. 

15. A MEMS accelerometer as claimed In dalm 14, wherein the third mass 
is supported on one or more sensing beams. 

16. A MEM3 accelemmeter as claimed in any daim 15, wherein the third 
mass is supported by four sensing beams extending In two directions 
orUicgonal to each other. 

17. A MgMS accelettMneler a^ claimed in daim 16, wherein the third mass 
has the general shape of a cuboid and the four sensing beams extend 
i^pectively fiom eadi cf the four edges of a fac6 of the third mass to the 

18. A MEMS accelerometer as daimed In daim 17. wheraln the four 
sensing beams assodated with the third mass are subslanUaiiy co-planar 
with the sensing beams of the other tiwo masses, 

19. A MEMS accelerometer as claimed in daim 2 and subslanlially as 
hereinbefbie described, with reference to and as illustrated in the 
accompanying drawings. 
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